Protein clamps provide the cell with effective mechanisms for sensing of environmental changes and triggering adaptations that maintain homeostasis. The general physical mechanism behind protein clamping action, however, is poorly understood. Here, we explore the Davydov model for quantum transport of amide I energy, which is self-trapped in soliton states that propagate along the protein α-helix spines and preserve their shape upon reflection from the α-helix ends. We study computationally whether the Davydov solitons are able to reflect from massive barriers that model the presence of external protein clamps acting on a portion of the α-helix, and characterize the range of barrier conditions for which the Davydov solitons are capable of tunneling through the barrier. The simulations showed that the variability of amino acid masses in proteins has a negligible effect on Davydov soliton dynamics, but a massive barrier that is a hundred times the mass of a single amino acid presents an obstacle for the soliton propagation. The greater width of Davydov solitons stabilizes the soliton upon reflection from such a massive barrier and increases the probability of tunneling through it, whereas the greater isotropy of the exciton-lattice coupling suppresses the tunneling efficiency by increasing the interaction time between the Davydov soliton and the barrier, thereby prolonging the tunneling time through the barrier and enhancing the probability for reflection from the latter. The results as presented, demonstrate the feasibility of Davydov solitons reflecting from or tunneling through massive barriers, and suggest a general physical mechanism underlying the action of protein clamps through local enhancement of an effective protein α-helix mass.
Introduction
Proteins are the molecular nano-engines that support all activities essential to life [1] [2] [3] [4] . Protein-protein interactions regulate key biochemical processes, including DNA replication, repair and transcription, mRNA translation, protein sorting and transport, metabolic pathways, cellular signaling, sensing of environmental changes and triggering adaptations that maintain homeostasis [5] [6] [7] . Functional protein complexes are often clamped in an inactive meta-stable state that can be readily activated by signaling cascades triggering the release of the inhibitory clamp. Neurotransmission at active synapses in the brain is an example of a biological process that is tightly regulated by protein clamps, such as synaptotagmin and complexin [8] , which inhibit the SNARE protein complex that drives synaptic vesicle exocytosis in the absence of electric spikes, but de-inhibit and assist the SNARE complex function upon electric excitation of the presynaptic axonal button [9] [10] [11] . Protein clamps that inhibit electric excitability and the flow of Ca 2+ currents through neuronal membrane-bound receptors [12] or voltage-gated ion channels [13] are also known. Predicting protein-protein interactions [14] and elucidating the mechanisms behind protein clamping action [15, 16] , are important open problems currently under investigation.
In the quest for a general physical mechanism behind protein clamping action, the aim of this present work is to study the transport of amide I vibrational energy in proteins as propagated by Davydov solitons [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] , where the presence of massive barriers is taken into account. For a single α-helix spine of hydrogenbonded peptide groups, the generalized Davydov Hamiltonian iŝ
where the index n counts the peptide groups along the α-helix spine,â † n andâ n are the boson creation and annihilation operators respectively for the amide I exciton, E 0 = 32.8 zJ (zeptojoule) is the amide I exciton energy, J = 0.155 zJ is the nearest neighbor exciton dipole-dipole coupling energy along the spine, M n is the mass,p n is the momentum operator andû n is the displacement operator from the equilibrium position of the nth peptide group, w is the spring constant of the hydrogen bonds in the lattice [17] [18] [19] [20] [21] [22] [23] [24] , χ =χ 2 1+ξ
is an anharmonic parameter arising from the coupling between the amide I exciton and the phonon lattice displacements,χ = χr+χ l 2
is the average of the right χ r and left χ l coupling parameters, and ξ = χ l χr is the isotropy parameter of the exciton-lattice coupling (χ r = 0 and 0 ≤ χ l ≤ χ r , hence ξ varies in the interval [0, 1]) [28, 29] .
The quantum equations of motion can be derived from the Hamiltonian (1) with the use of the second of Davydov's ansatz state vectors [19, [30] [31] [32] |D 2 (t) = n a n (t)â † n |0 ex e − ı j (bj (t)pj −cj (t)ûj ) |0 ph (2) which provides an excellent approximation [29, 30] to the exact solution of the Schrödinger equation
The expectation value of the exciton number operatorN n =â † nân at the peptide group n is
The total probability of finding the amide I excition inside the protein should be normalized, n |a n | 2 = 1. The latter condition ensures that the Davydov's ansatz is normalized as well, D 2 (t)|D 2 (t) = 1.
With the use of the Hadamard lemma
the expectation values of the phonon displacement and momentum operators,û n andp n , are found to be
Applying the generalized Ehrenfest theorem for the time dynamics of the expectation values
together with the Schrödinger equation (3), leads to the following system of gauge transformed quantum equations of motion (for detailed derivation see [29, 33, 34] ):
where a n is the quantum probability amplitude of the amide I exciton at the nth site and b n is the expectation value of the longitudinal displacement from the equilibrium position of the nth peptide group.
Computational study

Model parameters
We have computationally simulated the system of Davydov equations for a protein α-helix spine with n = 40 peptide groups, w = 13 N/m [22, [35] [36] [37] ] andχ = 35 pN (piconewton) [24] . The method for numerical integration was LSODA, Livermore Solver for Ordinary Differential equations with Automatic selection between nonstiff (Adams) and stiff (Backward Differentiation Formula, BDF) methods, developed by Hindmarsh and Petzold [38] [39] [40] [41] . LSODA implements an algorithm that uses the nonstiff method initially, then followed by dynamical monitoring of the data in order to decide which method to use at the end of each step of the integration. If the problem changes character (i.e., from nonstiff to stiff or vice versa) in the interval of integration, the solver automatically switches to the method (Adams or BDF) which is likely to be most efficient for that part of the problem [38] . Solitons with different widths were produced by different normalized initial Gaussian distributions σ of amide I energy spread over 1, 3, 5 or 7 peptide groups such that the corresponding quantum probability amplitudes for the non-zero a n (0) were:
059}. The lattice of hydrogen bonds was initially unperturbed, b n (0) = 0 and dbn(0) dt = 0 [29] . To model a real protein α-helix, the peptide groups at the N-end or C-end were coupled to a single neighbor, that is, there were no peptide groups with index n = 0 or n = 41. This effectively creates reflective boundaries at the protein α-helix ends. It had been previously shown that the same set of initial conditions for the amide I exciton and phonon lattice leads to stationary solitons when the protein α-helix is modeled with periodic boundary conditions that effectively compactify the α-helix spine into a circle [29] .
Previous studies of Davydov solitons modeled the amino acid residues as having equal mass, taken to be the average mass of an amino acid inside the protein α-helix, namely, M = 0.19 zg (zeptogram). This modeling assumption is feasible because the biochemical variability of amino acid masses is in the range 1 ± 0.64M (Table 1 ) and has minor effects on the dynamics of the soliton [42] [43] [44] .
Our simulations, in which the mass of all amino acid residues was doubled iteratively, showed that increasing the amino acid mass outside of the biochemical variability range decreases the average soliton speed v. As an example, a Davydov soliton with ξ = 1 whose width is σ = 5 propagates with speed v = 314 m/s for M n = 1M , v = 298 m/s for M n = 2M , v = 269 m/s for M n = 4M , v = 235 m/s for M n = 8M , and v = 178 m/s for M n = 16M (Fig. 1) . The increased amino acid mass also introduces fluctuations of the soliton speed at a timescale of 10 − 20 ps (Fig. 1d) due to stronger interaction with the lattice phonon waves. Taking into consideration these preliminary simulations, we have concluded that setting the amino acid residues as having equal mass of 1M provides a good base model on top of which can be added massive barriers towards representing external protein clamping action on the α-helix.
Effect of soliton width on reflection from barriers
The width of massive barriers for all subsequent simulations was fixed to three peptide groups. The placement of the barrier was such that the free α-helix on one side is twice as long as the free α-helix on the other side, in particular, the barrier spanned peptide groups n = 13 − 15 or n = 26 − 28 depending on whether the soliton is launched from the C-end or the N-end of the helix, respectively.
Simulations with isotropic exciton-lattice coupling ξ = 1 for a wide range (1 − 1500 M) of effective peptide group masses inside a rectangular barrier (all peptide groups inside the barrier having equal mass), showed that the greater width σ of the Davydov soliton stabilizes the soliton upon reflection from the barrier and prevents disintegration (Figs. 2, 3 and 4 ). The soliton with width σ = 3 is able to bounce a couple of times from massive barriers below 600 M before it disintegrates at a timescale of 100 ps (Fig. 2) . The soliton with width σ = 5 is stable in the presence of massive barriers below 900 M and the soliton can either bounce off the barrier or tunnel through the barrier (Fig. 3a-d, Videos 1-4) . The number of bounces off the barrier before successful tunneling increases with the mass of the barrier. As an example, for 300 M barrier the soliton with width σ = 5, bounces once before tunneling (Fig. 3b , Video 2), whereas for 600 M barrier the soliton bounces twice before tunneling (Fig. 3c, Video 3) . Conversely, the number of bounces off the barrier before successful tunneling decreases when the width of the soliton increases (Fig. 4) . A further example is the soliton with width σ = 7 that bounces once before tunneling through 1000 M barrier ( Fig. 4c) , whereas the soliton with width σ = 5, bounces twice before tunneling through a much lower 600 M barrier (Fig. 3c) . Thus, these results demonstrate that the soliton width increases stability upon reflection, increases probability for tunneling and delays dispersion. The results also suggest that the energy released by ATP hydrolysis in biological systems should be advantageously delivered as a Gaussian pulse to several amide I groups (e.g. σ = 5), rather than concentrated into a single amide I exciton (σ = 1). Previous theoretical research utilizing the continuum approximation [17] [18] [19] [20] [21] [22] [23] [24] reduced the discrete system of the Davydov equations to a non-linear Schrödinger equation (NLSE), which admits sech 2 -shaped soliton solutions that can be obtained with the inverse scattering transform and allied techniques in perturbation theory for nearly integrable systems [46, 47] . Because the soliton width determines the energy of Davydov solitons, the tunneling processes depend essentially on the ratio between the energy of the tunneling 'particle' (soliton) and energetic characteristics of the potential barrier. In nonlinear tunneling processes, the 'tails' of solitons play important role (cf. [48, 49] ), and this is also confirmed by our numerical results of the discrete system of the Davydov equations. In fact, our numerical results validate the continuum approximation used for deriving the NLSE in the case of biologically realistic, short protein α-helices, whereas analytical study of the NLSE in turn provides a qualitative explanation of the observed nonlinear phenomena in the presented numerical simulations. In particular, studies of NLSE with impurities confirm that the greater soliton width is able to promote the tunneling [50, 51] , whereas the time evolution of different initial excitations for the concrete values of parameters in the Davydov NLSE model of one-dimensional molecular chains, confirms that initial excitations that better resemble the sech 2 soliton shape exhibit a lower threshold for soliton formation, i.e. a Gaussian pulse enacted upon several amide I groups is expected to be more advantageous for generating solitons in comparison with the excitation of a single amide I group [52] [53] [54] . 
Effect of anisotropy of the exciton-lattice coupling on tunneling time
Full isotropy of the exciton-lattice coupling ξ = 1 makes the soliton dynamics mirror symmetric in respect to launching from the N-end or the C-end of the α-helix. When the isotropy is partial, ξ < 1, the mirror symmetry of the soliton dynamics is violated. Therefore, in order to be exhaustive in our analysis of anisotropic exciton-lattice coupling, we have simulated soliton tunneling through a massive barrier from the left and from the right (Figs. 5 and 6 ). The higher value for the isotropy parameter ξ prolongs significantly the tunneling time for both left and right crossing of the barrier. As an example, the soliton with width σ = 5 tunnels through 200 M barrier from left to right for 16 ps when ξ = 0 (Fig. 5a ) and 24.5 ps when ξ = 1 (Fig. 5d) . Because the higher value of ξ increases the soliton speed, the soliton launched from the N-end of the α-helix with ξ = 1 reaches the barrier earlier, and then exits on the other side of the barrier earlier than the soliton with ξ = 0, despite the longer tunneling time required when ξ = 1. In the case of anisotropic exciton-lattice coupling ξ = 0, the soliton speed is slightly faster when moving from left to right (216 m/s, Fig. 5a ), as opposed to moving from right to left (214 m/s, Fig. 6a ). The tunneling from right to left of solitons launched from the C-end of the α-helix is qualitatively similar, but when ξ = 0 the soliton widens to a greater extent at the exit of the other side of the massive barrier (Fig. 6a) in comparison to the case of tunneling from left to right (Fig. 5a) . Thus, even though the anisotropy of the exciton-lattice coupling speeds up the tunneling times, the overall transport of energy through massive barriers could be delayed in comparison to the fully isotropic case.
Effect of anisotropy of the exciton-lattice coupling on tunneling probability
The overall effect of the isotropy parameter ξ on the transport of energy across massive barriers includes the tunneling probability as an additional factor that operates together with the tunneling time and the soliton speed. From simulations with sufficiently massive barriers that are capable of reflecting the soliton, it was determined that higher values of ξ decrease the probability of soliton tunneling, and increase the probability of reflection. As an example, the soliton with width σ = 5 tunnels through 400 M barrier without reflection when ξ = 0 (Figs. 7a and 8a) , whereas it reflects once before tunneling through the barrier when ξ = 1 (Figs. 7d and 8d) . Thus, for very massive barriers the anisotropy of the exciton-lattice coupling could speed up the overall transport of energy through the barrier due to increased probability of tunneling in comparison to the fully isotropic case.
Effect of anisotropy of the exciton-lattice coupling on soliton stability
The higher values of the isotropy parameter ξ lead to decreased stability of the solitons upon reflection from massive barriers. Comparison of simulations with ξ = 1 (the soliton dynamics is mirror symmetric for launching from the N-end versus launching from the C-end of the α-helix) or ξ = 0 (the soliton dynamics is not mirror symmetric), shows that for sufficiently massive barriers, repetitive bouncing of the soliton leads to soliton destabilization and dispersion more easily when the isotropy parameter ξ has higher values. As an example, the soliton with width σ = 3 impacting upon a 900 M barrier for ξ = 1, bounces once before its dispersion (Fig. 2d) , whereas for ξ = 0, it bounces twice on the right of the barrier (Fig. 10d) , or bounces thrice on the left of the barrier (Fig. 9d) . Thus, the presence of structural anisotropy in the chain of hydrogen bonded peptide groups along the α-helix spine
which leads to stronger coupling of the amide I exciton (C = O group) to the hydrogen bond on the right (−C = O · · · H) as compared to the hydrogen bond on the left (O · · · H − N − C = O), namely, χ r > χ l [55] , could effectively enhance the stability of solitons bouncing off massive barriers as created by the presence of external protein clamps acting on the protein α-helix. The dependence of the soliton stability on the direction of barrier impact, also shows that protein α-helices with anisotropic exciton-lattice coupling (ξ < 1) may then have a preferential direction for transmission of energy inside proteins.
Simulations with wider solitons σ = 5 (Figs. 3, 11 and 12 ) or σ = 7 (Figs. 4, 13 and 14) corroborate the findings that the higher ξ increases both the soliton instability upon barrier impact and the probability for reflection from the massive barrier. This further highlights the need of improved ab initio quantum chemical calculations for determining of the exact value of the isotropy parameter ξ = 
Launching of solitons from massive barriers
The finite size of protein α-helices introduces reflective boundary conditions that enable launching of Davydov solitons from either end of the α-helix [29] . Simulations with ξ = 1 of solitons with different width σ showed that propagating solitons are launched only if the amide I energy is within several peptide groups from one of the ends of the α-helix. As an example, a Gaussian of amide I energy with width σ = 5 produces propagating solitons when applied at a distance ∆ ≤ 4 peptide groups from the α-helix end, and pinned solitons when ∆ > 4 (Fig. 15) . To test whether massive barriers can also be used for launching propagating solitons, we have simulated a massive 500 M barrier located at peptide groups n = 3 − 5, and applied a Gaussian of amide I energy at a position where it generates a pinned soliton in the absence of the barrier (Fig. 15c) . Indeed, a propagating soliton was launched (Fig. 16a) , albeit moving with a substantially lower speed in comparison with the case when it is launched at the α-helix end (Fig. 15a) . We also investigated the efficiency of soliton launching for different Gaussians of amide I energy σ = {1, 3, 5, 7}, as applied to peptide groups adjacent to the massive barrier. The simulations showed that the soliton is immediately dispersed if the amide I exciton energy is applied to a single peptide group (Fig. 17a ), but launches a propagating soliton for σ ≥ 3 (Figs. 17b, c, d ). Thus, protein clamps could be able to launch propagating Davydov solitons when energy is supplied by biochemical processes that trigger the clamp removal.
Conclusions
Following works such as [56] , the possibility of quantum mechanical tunneling effects in biological systems has for about 30 years been a significant focus of attention (surveyed in [57] ). Evidence for such effects has arisen through detection of such phenomena as the kinetic isotope effect in enzymatic reactions [58] , and vibrationally assisted tunneling for classes of proteins [59, 60] (see also [61] which underscores the role of amide I vibrational energy). In close connection with this scope of research, we have shown in this present paper that the action of external protein clamps could be physically modeled by a local increment of the effective mass of peptide groups inside a clamped protein α-helix, and that such clamping action introduces a massive barrier that could either reflect Davydov solitons, or allow them to tunnel through. We have also identified several factors that affect the transmission of energy by Davydov solitons in the presence of such massive barriers, namely, the soliton speed, the tunneling probability, and the tunneling time. In line with a previous quantum model of SNARE protein zipping in active zones of neuronal synapses [61] , the simulations, as presented, demonstrate that Davydov solitons are indeed capable of bouncing off a massive barrier multiple times before successfully tunneling into the other side of the barrier. These results may have implications for an improved understanding of protein-protein interactions, synaptic function, and the transfer of information between neurons in neural networks. 
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Video 2. Soliton reflection from and tunneling through a massive barrier extending over three peptide groups n = 26 − 28, each of which with effective mass of 300M , for the case shown in Fig. 3b with isotropic excitonlattice coupling ξ = 1 launched by a Gaussian of amide I energy σ = 5 applied at the N-end of an α-helix spine composed of 40 peptide groups (extending along the x-axis) during a period of 400 ps. Quantum probabilities |a n | 2 are plotted in blue along the z-axis. Phonon lattice displacement differences b n − b n−1 (measured in picometers) are plotted in red along the y-axis. The place of the massive barrier is indicated with two parallel lines.
Video 3. Soliton reflection from and tunneling through a massive barrier extending over three peptide groups n = 26 − 28, each of which with effective mass of 600M , for the case shown in Fig. 3c with isotropic excitonlattice coupling ξ = 1 launched by a Gaussian of amide I energy σ = 5 applied at the N-end of an α-helix spine composed of 40 peptide groups (extending along the x-axis) during a period of 400 ps. Quantum probabilities |a n | 2 are plotted in blue along the z-axis. Phonon lattice displacement differences b n − b n−1 (measured in picometers) are plotted in red along the y-axis. The place of the massive barrier is indicated with two parallel lines.
Video 4. Soliton reflection from a massive barrier extending over three peptide groups n = 26 − 28, each of which with effective mass of 900M , for the case shown in Fig. 3d with isotropic exciton-lattice coupling ξ = 1 launched by a Gaussian of amide I energy σ = 5 applied at the N-end of an α-helix spine composed of 40 peptide groups (extending along the x-axis) during a period of 400 ps. Quantum probabilities |a n | 2 are plotted in blue along the z-axis. Phonon lattice displacement differences b n − b n−1 (measured in picometers) are plotted in red along the y-axis. The place of the massive barrier is indicated with two parallel lines.
